In vitro systems for applying mechanical strain to cultured cells are commonly used to investigate cellular mechanotransduction pathways in a variety of cell types. These systems often apply mechanical forces to a flexible membrane on which cells are cultured. A consequence of the motion of the membrane in these systems is the generation of flow and the unintended application of shear stress to the cells. We recently described a flexible system for applying mechanical strain to cultured cells, which uses a linear motor to drive a piston array to create biaxial strain within multiwell culture plates. To better understand the fluidic stresses generated by this system and other systems of this type, we created a computational fluid dynamics model to simulate the flow during the mechanical loading cycle. Alterations in the frequency or maximal strain magnitude led to a linear increase in the average fluid velocity within the well and a nonlinear increase in the shear stress at the culture surface over the ranges tested (0.5-2.0 Hz and 1-10% maximal strain). For all cases, the applied shear stresses were relatively low and on the order of millipascal with a dynamic waveform having a primary and secondary peak in the shear stress over a single mechanical strain cycle. These findings should be considered when interpreting experimental results using these devices, particularly in the case when the cell type used is sensitive to low magnitude, oscillatory shear stresses.
Introduction
Mechanical forces are important in embryonic development [1] and key factor in the pathogenesis of many diseases including cardiovascular disease [1] [2] [3] , cancer [4, 5] , and neurological disorders [6, 7] . A variety of devices have been developed to study the effects of mechanical forces on the cells through the application of mechanical strain [8] [9] [10] . These systems most commonly involve growing cultured cells on a flexible substrate and applying forces to the substrate with a piston [11] [12] [13] [14] or through pneumatic pressure [15] [16] [17] . While a key advantage of in vitro systems is the ability to isolate a single cell type and create a well-defined mechanical environment, it is a fundamental limitation of these systems that the movement of the flexible culture substrate generates fluid flow that also applies shear forces to cells in culture.
As many cell types are sensitive to fluid shear forces as well as mechanical stretch, the generation of flow may also cause a response from the cells. Thus, it is critical to understand the fluidic forces within these systems to account for this potential confounding factor in these experiments. In particular, endothelial cells have been shown to respond to shear stresses and mechanical strain, leading to modulation of the immune cell interactions [18] [19] [20] , coagulation factors [21] , and vasomotor tone [22, 23] . As flow is inevitably generated within the systems that apply mechanical strain, it is unclear what part of the response is induced from the flow or the mechanical stretch. A similar situation is relevant to many cell types including osteoblasts [24, 25] , vascular smooth muscle cells [26, 27] , and mesenchymal stem cells [28, 29] , all of which have shown to have potent mechanobiological responses to mechanical strain in culture and respond strongly to shear forces.
There have been only limited attempts to understand the shear forces during the application of mechanical stretch to cultured cells. One previous study used a 2D model of shear stresses in a pneumatically driven system [30] while another used a highly simplified model of flat wall displacement to estimate the order of magnitude of the shear stress generated during the motion of the piston [13] . We recently created a novel device that allows application of complex mechanical stretch waveforms to cultured cells in a six-well format [12] . While we have validated the strain applied by this system in terms of flexible membrane distention, it remains unclear what the nature of the flow is within this system during mechanical loading. Here, we have created a computational simulation of the flow within a culture well with a flexible bottom during the application of mechanical strain. In our model, displacement of the flexible membrane leads to the generation of fluid flow. In the actual system, the pistons are mounted on a rigid plate that is coupled to a linear motor allowing arbitrary displacements and the application of complex temporal strain profiles. In our model, we simulated several common loading profiles including the application of sinusoidal load of 0.5-2.0 Hz and displacements that generate 1-10% maximal strain on the culture membrane. Our results are useful for interpreting the potential effects of shear stress in the many experimental studies that have applied mechanical strain to cultured cells and provide a computational analysis of the flow within these in vitro mechanical loading devices. Moreover, we demonstrate that motion of the membrane within the well leads to the generation of low level oscillatory shear stress that has been shown to alter the function of endothelial cells [19, 31, 32] . Thus, the analysis presented here may be relevant to many systems in which mechanical forces are applied to cells through displacement of a flexible membrane.
Methods
Numerical Simulation. COMSOL MULTIPHYSICS (version 4.2a; COMSOL Inc., Burlington, MA) was used for performing finite element (FEM) analysis of the fluid dynamics within the system. The Navier-Stokes equation was used to model laminar fluid flow with the momentum balance included for each component of the momentum vector in all spatial dimensions [33] . Incompressible flow of a Newtonian fluid was assumed with constant density and viscosity. The physical parameters were defined as shown in Table 1 . The overall geometry of the system is identical to a 35-mm diameter culture well in which the bottom of the well is displaced to create stretch in the flexible cell culture substrate (Figs. 1(a) and 1(b)) in a system recently designed by our group [12] . During the loading cycle, a piston is driven through the flexible culture membrane ( Fig. 1(c) ). The geometry was created in COMSOL and we performed an initial set of optimization simulations for the tolerance and mesh size Fig. 1 (Supplemental figures are available under the "Supplemental Data" tab for this paper on the ASME Digital Collection). Based on the test simulations, we chose the final tolerance of 0.0001 at "finer-mesh" density settings. For these conditions, the time step for the simulations varied between 5.86 ms and 46.9 ms. The final optimized mesh is shown in Fig. 2(a) . During the simulation, the bottom surface of the well is deformed to match an idealized version of the deformation of silicone membrane during the piston motion (Figs. 2(b) and 2(c)). The boundary conditions included a cylindrical wall with free boundary on the top surface, no-slip condition on the sides, and a no-slip condition on the bottom surface with a displacement profile corresponding to the piston motion distending the membrane. A sinusoidal motion with frequency and amplitude of the membrane displacement was modeled using the following equation:
where f represents frequency, A is the strain amplitude, R p represents radius of the piston, and R w represents the radius of the well. The distension amplitude A was determined by our strain calibration for the actual system [12] . A time derivative of Eq. (1) was used as a velocity input to the moving wall as shown below:
The simulations were run for a total of 15 cycles of mechanical strain for each condition. 
Results and Discussion
Here, we examined the flow field generated by the motion of a piston that deforms a flexible substrate to apply strain to cultured cells. A primary motivation for this study is that motion within culture media creates flow and the shear stresses from this flow represent a potential source of confounding findings in studies aimed at examining the response of cells to mechanical strain. We examined nine cases of mechanical loading in which the strain applied was sinusoidal in its motion. We first examined the flow velocities within a well in each of the loading conditions. The maximum velocity for each frequency condition over the last cycle (cycle 15) was visualized with a single transverse cut plane through the middle of the well at the time of maximum velocity Fig. 3 with multiple cut planes shown in Supplementary Fig. 2 and multiple horizontal cut planes through the well (Fig. 4) . (Supplemental figures are available under the "Supplemental Data" tab for this paper on the ASME Digital Collection). Velocity maps from both the transverse and horizontal cut indicate that the flow velocity is generally uniform within the piston region and drops significantly near the walls as expected due to fluid drag along the walls. A time course of the evolution of flow can be seen in Supplementary Video 1 (Supplemental videos available under the "Supplemental Data" tab for this paper on the ASME Digital Collection), for the case of 1 Hz and 10% maximal strain. The average velocity over the entire well varied linearly with frequency and magnitude ( Fig. 5(a) ). Isosurface visualization revealed the piston motion propagating through the well during the loading cycle Fig. 6 and Supplementary Video 2 (Supplemental videos available under the "Supplemental Data" tab for this paper on the ASME Digital Collection), for 1 Hz and 10% maximal strain. Flows within the simulation were highest near the outer upper edge of the liquid within the well and near to the deforming surface at the bottom of the well.
We next examined the shear stresses generated by the flow on the culture surface. We averaged the shear stresses over the regions within the piston, outside piston, and over the total bottom surface and plotted these over time (Figs. 7(a) and 7(b) ). This analysis revealed a cyclic waveform with two peaks that repeated over each loading cycle Supplementary Figs. 3, 4 , and 5. (Supplemental figures available under the "Supplemental Data" tab for this paper on the ASME Digital Collection). This waveform was most pronounced in the region outside the piston with a maximal shear stress of around 37 mPa and a secondary peak with a maximal shear stress of around 16 mPa for 2 Hz and 10% maximum strain loading conditions. The radial distribution of shear stress averaged over time showed a peak in shear stress just outside the piston edge (Fig. 8) . Over time, the shear stress within the well varied from almost zero across the well to a profile with two peaks near to the edge of the piston (shown for the case of 10% maximal strain and 1 Hz in Fig. 9 and for all cases in Fig. 10 ). Visualizations of the dynamic development of shear stress with the well can be found in Supplementary Videos 3 and 4 (Supplemental videos available under the "Supplemental Data" tab for this paper on the ASME Digital Collection), for 1 Hz and 10% maximal strain. The average shear stress over the entire culture surface within the well varied nonlinearly with frequency and magnitude, particularly at the highest frequency and maximal strain (Fig. 5(b) ).
The shear stresses on the culture surface of the plate had a primary and secondary peak within a single strain cycle. While the Fig. 9 Circumferential average of shear stresses on the culture surface during last cycle of the simulation. The zero point indicates the center of the well with an average taken circumferentially at each radius. Graphs shown are for 10% maximal strain and 1 Hz frequency of loading. first cycle in time had some small deviations, this quickly stabilized into a consistent waveform. Due to symmetry, there is a point of zero shear stress at the center of the well. The shear stresses within the piston region of the well are the lowest within the well and increase toward the outer edge. Outside of this region, the shear stresses are higher, about twofold in the maximal peak and around fourfold in the secondary peak during a single cycle. While the outer region of the plate can be avoided in imaging studies, this area is included when cells are lysed for gene or protein expression.
A limited number of previous studies have attempted to estimate the shear stresses generated during the application of mechanical strain to cultured cells. An early study described the construction of a device that uses a cam and rotational motor to apply mechanical strain to a silicone culture surface [13] . As part of their study, they estimated the shear stresses created by a simple wall moving in a fluid as an order-of-magnitude estimation. This rough calculation for the system gave shear stresses of a magnitude of 0.05, 0.60, and 1.70 Pa at 1, 5, and 10 Hz, respectively, for a 100 mm wall oscillating with a peak displacement of 5 mm (10% maximal strain). This estimate is considerably higher than the shear stresses found in this study and this may be due to the larger diameter plate, requiring greater displacements for similar strain levels as well as the differences in the complexity of the model used in our study. A second study created a 2D model of shear stress generated by flow within the pneumatically driven Flexcell system [30] . This system has similarly sized wells as the system described here but with a pneumatic loading mechanism. Their 2D model was found to have peak shear stresses of 0.088 and 0.132 Pa for 1 Hz loading at 3.8% and 6.7% maximal strain. At higher frequencies, they found 0.172 and 0.424 Pa of peak shear stress for 2 Hz and 5 Hz of loading, respectively, at 3.8% maximal strain. Thus, their results, while not directly comparable because of the differences in device mechanism and modeling technique, show relatively similar levels of shear stress to those from our model here. The shear stresses observed are low in comparison to those used in many studies on shear stress-induced mechanobiology [34] . However, the shear forces are rapidly oscillating and may have an effect on cells due to their temporal variation. Low magnitude oscillatory stress has been shown to have potent effects on endothelial cell biology including expression of adhesion molecules and monocyte recruitment [19] . Low levels of disturbed shear stresses have been shown to alter endothelial cell proliferation [31] . In addition, there is synergy between pulsatile low shear stresses and mechanical stretch [32] .
The model described in this study provides a simulation of the flow within a flexible system for applying mechanical strains to cultured cells, which was recently described by our group [12] . Our study has found that shear stresses generated by this type of system are on the order of millipascal on the cell culture surface with frequencies of flow oscillation exceeding that of the strain loading cycle. Many other systems use a similar configuration to apply loads to cultured cells and likely generate similar shear stresses during the application of stretch in these systems [8] . While our simulation captures considerable complexity for the system, we used several assumptions that should be considered when interpreting our results. We did not include surface tension or gravity effects of air-liquid interface of culture well. Depending on the volume of fluid within the well and frequency applied, there may be effects of wavelike motions on the surface of the well. In addition, our study does not directly model the mechanical interaction between the piston and the membrane or the effects of the fluid on the membrane mechanics. We modeled this as a deformation of the bottom surface of the well and, thus, did not include the complexities of this interaction including friction and bowing of the membrane as it is pushed into the fluid. Thus, the effects of the horizontal stretching of the membrane during the stretch are not captured in this study. The tension on the membrane could alter the flow and significantly alter the shear stress on cell culture surface. Thus, the model could be improved by including either a sequential or fully coupled model of the fluid structure interactions. In addition, we have also assumed perfect vertical alignment that creates a symmetrical flow that may not fully recapitulate the experimental situation in which the system is not perfectly aligned with gravity.
In summary, our studies have simulated the flow within a device to apply mechanical stretch to cultured cells. Our results support that the shear stresses generated are low in magnitude but have rapid and complex oscillation that varies radially within the Fig. 10 Circumferential average shear stress during last cycle of the simulation. The zero point indicates the center of the well with an average taken circumferentially at each radius. All frequencies (0.5, 1, and 2 Hz) and maximal strain (1%, 5%, and 10%) are shown.
culture well. As some cell types such as endothelial and bone cells are sensitive to oscillatory shear stresses, it is important to be aware of the shear stress generated while applying mechanical stretch to the cells. In particular, at high frequencies and strains the region outside the piston is exposed to the highest levels of oscillatory shear stresses. This region should therefore be minimized in the design of these devices and avoided in imaging studies on cells exposed to mechanical strain whenever possible.
